Abstract: Block and random copolymers containing N-isopropylacrylamide and (α-D-glucofuranosyl)-6-methacrylamido units were analyzed according to their temperature dependent aggregation behavior. Whereas a 45:55 random copolymer does not exhibit any LCST behavior below 100 o C due to the incorporation of the hydrophilic glyco monomer units, the phase transition could be retained in the physiological range in block copolymers even at a glyco monomer content above 55 mol%. DSL studies revealed that the aggregates of about 50 nm are stabilized above the transition temperature when the glyco monomer block dominates, whereas a glyco block molar ratio of 45% is not sufficient to prevent precipitation of the polymers as evidenced by turbidity measurements. Temperature dependent DLS studies revealed further that below the phase transition temperature an equilibrium between single macromolecules and aggregates is formed.
Introduction
Amphiphilic copolymers have been investigated in detail due to their important properties like surface activity and micelle formation in selected solvents [1] . The presence of both hydrophilic and hydrophobic segments in one polymer chain allows creating new materials in the field of drug delivery. In this frame, especially stimuli responsive diblock copolymers, including thermoresponsive and pH responsive materials, found high interest in biomedical applications due to their smart properties [2] [3] [4] [5] [6] [7] [8] . Still, there is a high need in improving such materials to optimize drug loading and release as well as to increase biocompatibility or even to induce bioactivity and active targeting.
Poly(N-isopropylacrylamide) (PNiPAAm) is one of the most widely used thermoresponsive polymers especially in potential biomedical application due to its phase transition at 32 °C in water [9] . Due to the high interest in using PNiPAAm in this field [10, 11] , there is also a strong effort to enhance the biocompatibility by introducing hydrophilic comonomers but with the need to keep the phase transition temperature (T tr ) in the physiological range (~36 °C) [12, 13] . The block copolymer approach is very promising in this regard and often PNiPAAm-PEO block copolymers are studied with regard to their micellar behavior [14, 15] . Thus, for potential application as drug delivery material, responsive amphiphilic block, graft or star block copolymers have been studied by many research groups also looking into the specific temperature dependent aggregation behavior [16] [17] [18] [19] [20] [21] which is of high interest in the design of drug delivery systems [22] .
Okana and Yokoyama [23] created new thermoresponsive micelles formed from block copolymers that were composed both of a hydrophobic and a thermoresponsive segment. Biodegradable hydrophobic blocks were utilized to form the core of micelles [23] . A different approach was applied by McCormick's research group in order to produce amphiphilic block copolymer micelles [24] . Here, shell "locked" nanoassemblies have been prepared from interpolyelectrolyte complexation of block copolymer micelles. In this fast growing area, it is still a challenge to create micellar carrier systems for specific targeting [25] . Amphiphilic block copolymers which carry saccharide functions are of interest in this field since these can undergo specific interactions with cell membranes. However, so far, only very few reports exist where the thermoresponsive behavior of PNiPAAm is combined with sugar carrying targeting units in a block copolymer structure [26] and a detailed study of the thermoresponsive aggregation behavior of such block copolymer structures has been carried out [27, 28, 29] .
Recently we reported on new PNiPAAm random and block copolymers using glyco monomers like 3'-(1',2':5',6'-di-O-isopropylidene-α-D-glucofuranosyl)-6-methacrylamido-hexanoate (MAIpGlcC 5 ) [30] . Glyco monomer was of interest due to both its bioactive and polar nature that could induce bioactivity as well as biocompatibility into PNiPAAm after hydrolysis of the OH protecting group. In order to prepare suitable block copolymers, NiPAAm was homopolymerized under RAFT conditions and the resulting PNiPAAm homopolymers having a transfer group at the chain end were utilized as macro-chain transfer agents (macro-CTAs) to prepare block copolymers with the glyco monomer [30] . For comparison reason, random copolymers of various glyco monomers using similar monomer ratios as in the block copolymers were also prepared under RAFT conditions. It was found that the two types of copolymers, block and random, differ strongly in their phase transition behavior: whereas the critical temperature was strongly increased with increased glyco monomer content in the random copolymers, it was retained nearly unchanged at around [30] [31] [32] [33] [34] [35] o C in the various block copolymers [30] . In addition, we could prove heparin-like biointeractions of films prepared from those glyco block copolymers after sulfation [28] . Advances in the controlled synthesis of glycomacromolecules and their high importance in biological studies and biomedicine due to multivalent biointeractions have been recently highlighted in general and with regard to their potential for biohybrid capsule formation through micellation [31, 32, 33] .
This motivated us to look in more detail into the temperature dependent aggregation behavior of these NiPAAm/glyco monomer copolymers. Thermoresponsive block copolymers with a transition temperature in the physiological range as well as specific targeting sugar moieties will be highly interesting e.g. for targeted drug delivery if the aggregation-disaggregation can be well controlled and can be related to a controlled drug release. In addition, for a controlled targeting, it would be desirable, that a core-shell like morphology is formed presenting the glyco units as stabilizing corona around a core build up mainly by the collapsed (more hydrophobic) PNiPAAm blocks. Therefore, we will now report on the aggregation behavior of the thermoresponsive glyco copolymers in dependence of the copolymer structurerandom or block -and the comonomer ratio as studied by dynamic light scattering (DLS).
Results and discussion
Four polymer samples were considered in this study (see Table 1 ): for comparison reason, a random 45:55 copolymer (RC1) of N-isopropylacrylamide and the glyco monomer MAIpGlcC 5 (M n by GPC = 20.500 g/mol) and a 60:40 random copolymer (RC2) of NiPAAm and a glyco monomer without an unpolar spacer (3-Omethacryloyl-1,2:5,6-di-O-isopropylidene-α-D-glucofuranoside (MAIpGlc)) (M n by GPC = 17.100 g/mol) were included in this study. But mainly, two block copolymers, BC1 and BC2, having different block ratios, one with excess of the NiPAAm component and one with a slightly dominating sugar block (molar ratios NiPAAm / MAIpGlcC 5 44:56 and 60:40, respectively) were studied in detail. The polymers were analyzed after deprotection of the OH groups in the glyco monomer units.
The block copolymers were prepared from PNiPAAm macro-CTAs which differ in their molar masses: about 13.100 and 17.300 g/mol (by NMR end group analysis), respectively [30] . The molar ratios of the two monomers in the polymers were calculated from NMR analysis. A direct comparison of the molar masses of the block copolymers is difficult since no reliable data could be obtained from GPC measurements. Based on the monomer ratio in the block copolymers and the molar mass of the starting PNiPAAm block, BC1 has a somewhat higher molar mass (about 70,300 g/mol) compared to BC2 (about 54,000 g/mol) corresponding to a number of repeating units in the segments of roughly 120+155 and 155+110, respectively. The selection of the random and block copolymers should allow studying the influence of the monomer ratio as well as the block length and architecture of the polymers on the aggregation behavior. Scheme 1. General scheme of the random and block PNiPAAm/PMAGlC 5 copolymers.
Turbidity measurements
It has been already explained in the previous work that T tr of PNiPAAm is affected by copolymerization type and content of the glyco monomer as analyzed by UV/vis and NMR [27] . The random copolymer RC1 having 55 mol% content of the glyco monomer does not show any LCST behavior in water below 100 o C. Therefore, the turbidity curve does not show any changes in the temperature range suitable for the measurement. However, RC2, which contains only 40 mol% glyco monomer, exhibits a phase transition temperature at 60.8 o C (Figure 1b , Table 1 ). Thus, as expected, the random incorporation of a polar monomer led to a strong increase in the transition temperature compared to PNiPAAm homopolymers.
The effect is very different when the polymer architecture is changed to a block structure. Figure 1a shows the UV/vis results of PNiPAAm-b-PMAGlcC 5 (BC1, 44:56). For that block copolymer the polymer solution did not become turbid even at higher temperatures (65 °C) while the solution of the pure PNiPAAm homopolymer (macro-CTA=first block) turned completely turbid above LCST (33 °C). Nevertheless, a reduction of transmittance was observed also for BC1 at about 38 °C which we assigned to the T tr of the PNiPAAm block within the block copolymer. We have observed this behavior only for the glyco block copolymers with a glyco monomer content higher than 50 mol-%. On the other hand, the water solution of polymer BC2 (60:40) becomes immediately turbid by raising the temperature above T tr ( Figure 1b ). This finding demonstrates that the permanently hydrophilic units (glyco monomer units) start to dominate the interactions in water when the molar ratio is raised above 50%. The transition temperature of PNiPAAm part in the block copolymers is only slightly affected and shifted in BC1 and BC2 from 33 to 34 and 38 o C, respectively.
The difference in the change in turbidity of the two block copolymers indicates that the aggregation which starts at the critical transition temperature differs for the two different samples. Thus, a more detailed analysis using dynamic light scattering analysis has been started. Here it has to be noted, that the concentration in water of the polymers differs significantly in the turbidity and the DLS measurements with the later ones being more than 10 fold more diluted. UV turbidity measurements for a) the PNiPAAm1 macroinitiator and the corresponding block copolymer BC1; and b) for the PNiPAAm2 macroinitiator and the corresponding block copolymer BC2; for comparison, also the random copolymer RC2 is shown. Figure 2 shows the DLS results on the hydrodynamic radii for BC1, BC2 and RC1 at 25 °C in water. At that temperature, the polymers should appear double-hydrophilic and therefore, full solubility of the individual molecules was expected. Surprisingly, all polymers show bimodal size distribution independent from the polymer architecture.
Dynamic Light Scattering
The smaller peaks at lower R h values correspond to single polymer chains which are obviously in equilibrium with aggregates which are detected with higher R h values (peak maximum between 70 and 180 nm). Whereas the curves of RC1 and BC2 are very similar, probably dominated by the PNiPAAm content, smaller and broader distributed aggregates are found for BC1. These results explain also problems observed in the determination of molar masses of these polymers by GPC since obviously, even at room temperature, the formation of aggregates cannot be suppressed probably due to complex hydrogen bonding interactions. However, it has to be noted that the ratio of the two peaks observed in Figure 2 cannot be taken as a quantitative measure to what extent aggregation takes place. Raising the temperature stepwise leads to different aggregation behavior depending on the architecture and the composition of the block copolymers ( Figure 3 ). For the random copolymers RC1 and RC2, no temperature dependent changes in the aggregation behavior could be observed due to the high transition temperatures (not shown).
The temperature dependent changes in the hydrodynamic radii (obtained by cumulant analysis of g (1) (t,q)) of the block copolymers BC1 and BC2 show significant differences. With increasing temperature the size of the aggregates of BC1 is decreasing which is consistent with a collapse of the PNiPAAm blocks above the transition temperature at about 38 °C as determined by UV measurements. The R h of the aggregates drops relatively rapidly from far above 75 nm to about 40 nm above 40 °C, then the radius of the aggregates levels off (Figure 3a) . Analyzing the R h distribution of the aggregates of BC1, one can see that there is a bimodal size distribution below the LCST temperature of the block copolymer showing individual peaks for macromolecules and aggregates which merge into one peak at higher temperatures. The single peak at higher temperature is shifted to smaller R h values compared to the one corresponding to the aggregates at room temperature ( Figure  4a ). It can be concluded that during heating the hydrodynamic radii (R h ) of the single macromolecules and the aggregates decrease due to the LCST phase transition of the PNiPAAm block. The PNiPAAm chains become hydrophobic upon heating above T tr and this result in a collapse of the PNiPAAm block copolymer segments and therefore, in the formation of smaller aggregates with PNiPAAm collapsed as core together with the hydrophobic parts of the sugar block (Scheme 2). The results indicate, however, that the content of pendent sugar moieties in BC1 is high enough to stabilize the small aggregates above T tr avoiding the formation of large agglomerates and precipitation of the macromolecules. By reducing the content of glyco units as in BC2, the aggregation behavior of block copolymer in water indicates a different process. In that case the longer PNiPAAm chain is dominating the aggregation behavior with respect to the hydrophilic glyco units and causes the precipitation of block copolymer above T tr at higher concentration (Figure 1b) . The longer PNiPAAm chains seem to hinder the interaction of water with the glyco units which results in a lower solvation of the polymer in water above the transition temperature. Beside the turbidity measurements, also the DLS results point out the differences in aggregation behavior. In Figure 3b one can see that at first, the size of the aggregates is slightly reduced when one approaches upon heating the T tr , but above 33 o C a strong increase in aggregation size up to 400 nm is observed which corresponds to the precipitation of the macromolecules during turbidity measurements. In DLS studies, however, at higher temperatures, a decrease in aggregation size is again observed in the cumulated analysis of R h . A similar behavior was discussed by Qui and Wu [35] for poly(N-isopropylacrylamide) grafted with poly(ethylene oxide). The large aggregates are formed because the inter-chain aggregation occurs prior to the intrachain "coil-to-globule" transition. After reaching a maximum aggregation size the "coil-to-globule" transitions starts to dominate again and the aggregates shrink due to the hydrophobic character of the PNiPAAm block. Similar to the results received from sample BC1, a bimodal size distribution of R h was observed for BC2 at room temperature indicating the existence of single block copolymer macromolecules in solution, but upon heating the bimodal distribution convened to one very broad peak only corresponding to large aggregates (Figure 4b ). Due to these unexpected results received for the PNiPAAm-b-PMAGlcC 5 (BC2, 60:40), we have examined the aggregation behavior in more detail by changing the measurement process. We assumed that a molar ratio of 40% of the sugar block is just at the borderline of the stabilization ability in our system. Therefore, instead of following the aggregation behavior upon slow heating, a fast heating step was introduced which should allow to reach a non-equilibrium situation followed by the de-aggregation upon slow cooling. For that, the polymer BC2 was dissolved at room temperature in water, kept in the refrigerator for some time to cool it to 4 o C and then, it was placed quickly in the heated measuring cell at 60 o C. This resulted in the formation of comparable small aggregates of 40-60 nm above T tr compared to 200-400 nm as observed in the slow heating process (Figure 5a) . Then, the polymer solution was slowly cooled to room temperature. When approaching the T tr from the higher temperature, first, a very slight increase in aggregation size was observed followed by a steep drop in the cumulative R h (Figure 5a ) from 63 nm down to about 38 nm. The R h size distribution plot (Figure 5b) shows again for BC2 that above T tr , only aggregates are visible, but now of much smaller size and more narrowly distributed, the aggregates become first a little larger in size and show a broader distribution at 37.5 o C before they shrink with decreasing temperature. Only at 25 o C a bimodal distribution appears indicating the existence of individual molecules in equilibrium with aggregates.
Combining both UV and DLS results, the aggregation models shown in Scheme 2 and 3 are proposed to explain the different aggregation behavior of BC1 (44:56 PNiPAAm:PMAGlcC5) and BC2 (60:40 PNiPAAm:PMAGlcC5) in water.
For BC1 and BC2, at room temperature both, sugar moieties and PNiPAAm block are hydrophilic, thus, they are expected to be surrounded by water molecules. In contrary, the hydrophobic spacer unit of the sugar block has a tendency to avoid any interactions with water molecules and, in addition, complex hydrogen bonding between sugar and NiPAAm moieties might occur which reduces the interactions with the water molecules and therefore, leads to a certain tendency for aggregation. This may explain for the fact that at room temperature both, single macromolecules as well as aggregates exist and are in equilibrium. It is likely that in this state the aggregates are formed by several block copolymers where in the core of the aggregates mainly the hydrophobic parts of the sugar block accumulate which are surrounded by the pending sugar units and the solvated PNiPAAm blocks (Scheme 2 and Scheme 3). At high sugar content (> 55 mol%) the sugar moieties in the block copolymers sufficiently stabilize the aggregates in water and this results in stable and relatively small aggregates even after the collapse of the PNiPAAm block (above T Tr ). Therefore, only a weak loss of transmittance in the turbidity measurements is observed ( Figure 1a , Scheme 2).
Scheme 2:
Schematic association behavior of the block copolymer BC1 upon heating starting at room temperature.
For BC2, the glyco monomer content is with 40 mol% just at the borderline but still too low to allow stabilization of the aggregates above T tr of the PNiPAAm chains leading to precipitation in the turbidity measurements (Figure 1b) . Above T tr the PNiPAAm blocks collapse and form together with the hydrophobic part of the sugar block large aggregates which can no longer be stabilized by the pending glyco units since they are the minor component. In the slow heating process of the DSL study, this leads to very large aggregates of up to 400 nm. In the fast heating/slow cooling experiments, the rather small and therefore still stabilized aggregates of BC2 start to
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ΔT Sl li swell when T tr is approached due to the starting but not complete solvation of the PNiPAAm blocks before the aggregates break up into smaller aggregates which again are in equilibrium with single macromolecules at room temperature (Scheme 3).
In principle, the results obtained for BC2 for the R h changes with temperature are similar in the tendency for both, slow heating and slow cooling process, however the measured R h values are eight times higher in the case of slow heating process. The fact that the fast initial heating from a cooled sample results in a narrower distribution of aggregates compared to the slow heating process originates from the so called "viscoelastic effect". This effect has been explained in detail by Zhang and Wu [36] based on chain entanglement time and interaction time. It is easy to understand that bigger aggregates (~300 nm) are formed by lower heating rate, because the copolymer chains have a higher chance to undergo inter-chain association before each of them can collapse into a single-chain globule. On the other hand relatively small aggregates (~ 40 nm) are formed by the fast heating process, since in this case intra-chain contraction dominates and the molecules collapse faster by undergoing inter-chain interactions.
Scheme 3. Schematic association behavior of the block copolymer BC2 starting at a temperature above LCST and subsequent cooling.
Conclusions
Block and random copolymers containing N-isopropylacrylamide and (α-Dglucofuranosyl)-6-methacrylamido units were analyzed according to their temperature dependent aggregation behavior. Whereas a 45:55 random copolymer does not exhibit any LCST behavior below 100 o C due to the incorporation of the hydrophilic glyco monomer units, the phase transition could be retained in the physiological range in block copolymers even at a glyco monomer content above 55 mol%. DSL studies revealed that the aggregates are stabilized above the transition temperature at about 50 nm when the glyco monomer block dominates (BC1) whereas a glyco block molar ratio of 45% (BC2) is not sufficient to prevent the formation of large aggregates and finally precipitation of the polymers. However, a comparison of a slow heating and a fast heating process revealed that the composition of BC2 is just at the borderline leading at least to a certain capability for aggregate stabilization by the sugar moieties.
This study showed that the glyco block copolymers exhibit an interesting thermoresponsive aggregation behavior and it reveals the potential for the stabilization of aggregates above the phase transition temperature of the PNiPAAm block by the sugar moieties. It is proposed that these aggregates in the 50 nm range are composed of a hydrophobic "core" mainly based on poly(NiPAAm) chains and the backbone of the sugar blocks, whereas the pendent glyco units form a biocompatible hydrophilic "shell" with the potential for specific targeting.
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Temperature dependent DLS studies revealed further that below the phase transition temperature, an equilibrium between single macromolecules and aggregates is formed. This explains major problems which occurred during molar mass determination for the block copolymers by GPC analysis and was assigned to the presence of the hydrophobic spacer units within the glyco block reducing the interaction with the water molecules favoring aggregation. This observation points to the possible design of thermoresponsive glyco block copolymers which form even at room temperature stable aggregates which reversibly shrink and expand upon temperature changes in the physiological interesting range and which expose a sugar shell which can undergo for specific cell membrane interactions. These materials would be highly interesting for targeted drug delivery.
Experimental part

Materials
The N-isopropylacrylamide (NiPAAm)/(α-D-glucofuranosyl)-6-methacrylamido (MAGlc(C 5 )) random and block copolymers (Scheme 1) used in this DLS study were prepared via RAFT polymerization as described in ref. 30 . 60.8 a) Monomer composition in the polymer calculated from integral values of NMR spectra. b) Determined by GPC system I using PS standards for calibration. c) Determined by GPC system II using PVP standards for calibration. d) Critical phase transition temperature determined by turbidity measurements. e) Random copolymer f) Molar mass of the deprotected block copolymers was calculated by NMR based on the ratioNiPAAm/glyco monomer determined as well as the molar mass determined for the macroinitiator by end group analysis g) This random copolymer was prepared from a glyco monomer without C5 spacer (3-O-methacryloyl-1,2:5,6-di-O-isopropylidene-α-D-glucofuranoside) with deprotection after incorporation in the polymer.
The block copolymers were prepared from a PNiPAAm macro-CTA using the protected glyco monomer 3'-(1',2',5',6'-di-O-isopropylidene-α-D-glucofuranosyl)-6-methacrylamido-hexanoate (MAIpGlcC 5 ) (synthesized as described in ref. [30] ) for the build up of the second block. In the random copolymerization, the comonomer ratio as well the structure of the sugar-carrying comonomer were varied but here, only the 45:55 product from NiPAAm and MAIpGlcC 5 (RC1) and a copolymer from NiPAAm with 3-O-methacryloyl-1,2:5,6-di-O-isopropylidene-α-D-glucofuranoside (MAIpGlc) in a 60:40 ratio (RC2) will be discussed for comparison reason. In all polymers, the protecting groups were removed before the study of the thermoresponsive behavior (MAIpGlc(C 5 )->MAGlc(C 5 )). The details of the synthesis and structural characterization of the glycopolymers have been published elsewhere [30] .
The characteristics of the products used in this study are summarized in Table 1 . For molar mass determination different GPC systems as well as NMR analysis have been used as described in detail in ref. [30] . Here it has to be noted that molar mass determination on these polymers proved to be highly unreliable even when different GPC and detection systems have been used. Thus, the data provided on molar masses have to be considered with great care.
Turbidity Measurements
UV-vis spectra turbidity measurements were obtained from a Varian Cary 100. The polymer was prepared as 8 mg/ml solution in deionized water or phosphate buffer solution (PBS, Sigma). The solutions were filtered before placing them in the measuring cell. Each single measurement was detected after 3-5 min equilibrium of temperature. The transmittance at 650 nm was evaluated. The critical phase transition temperature T tr of the polymer was determined as the inflection point of the transmittance versus temperature curve.
Dynamic Light Scattering Experiments
A commercial laser light scattering spectrometer (ALV/DLS/SLS-5000) equipped with an ALV-5000/EPP multiple digital time correlator and laser goniometer system ALV/CGS-8F S/N 025 was used with a helium-neon laser (Uniphase 1145P, output power of 22 mW and wavelength of 632.8 nm) as the light source.
Samples were prepared by dissolving the glycopolymers in Millipore water with a concentration of 0.5g/l. Using 0.45 μm CME membrane filters the solutions were directly filtered into the sample cell.
Typically, the sample in a test tube (diameter 10 mm, 3ml reaction solution) was immersed and thermostated within an error of ± 0.1 °C in a toluene bath.
The intensity-intensity time correlation functions g (2) (t,q) were measured at an angle of 90° as a function of temperature. g (2) (t,q) is related to the normalized first-order electric field time correlation function g (1) (t,q) as [37] ⎥ ⎦ ⎤ ⎢ ⎣ ⎡ + = = 2 (1) (2) q) (t, g β 1 A q) I(t, q) I(0, q) (t, g
where A is the measured base line, β is a parameter depending on the coherence of the detection, and t is the delay time. For a polydisperse sample, g
(t,q) is related to the line-width distribution G(Γ) by 
Using the Laplace inversion program CONTIN G(Γ) was calculated from g (2) (t,q) on the basis of eqs. 1 and 2. In dilute solutions Γ is related to Γ= D/q 2 for a pure diffusive relaxation where D is the translational diffusion coefficient. D can be converted into the hydrodynamic radius R h using the Stokes-Einstein equation: D= k B T/6πηR h , where k B , T, and η are the Boltzmann constant, the absolute temperature and the solvent viscosity respectively.
